Identification of new targets of Drosophila pre-mRNA adenosine deaminase RNA EDITING TAKES PLACE in the RNA sequence after transcription is completed. It was first reported as a posttranscriptional change in the mitochondrial RNA of trypanosomes (5, 30) . Some well-identified examples of editing include modification of adenosine (A) to inosine (I) or cytidine (C) to uridine (U) by deamination (7, 27) . The consequence of RNA editing is to alter genomic information and, consequently, protein function. If such base changes occur in the coding region of mRNAs, then it could result in protein alterations and molecular diversity (8, 19) .
The majority of the A-to-I modifications have been so far limited to transcripts found in the nervous system (25, 28) . Most of these transcripts encode ligand-or voltage-gated ion channels and G protein-coupled receptors, such as Na ϩ channel (29) , Ca 2ϩ channel (31) , glutamate receptor (GluR-B) (7, 12, 17) , and the serotonin receptor (6) . The best-characterized example of A-to-I editing is in the GluR-B gene. After A-to-I modification, the codon for glutamine, CAG, is changed to CIG. Since the translation machinery interprets I as G, this conversion results in coding arginine (CGG) rather than glutamine. This single amino acid change can have a profound influence on function. For example, Ca 2ϩ channel permeability as well as the function of the receptor is much altered (15, 16, 35) . Many known A-to-I conversions have been serendipitously found by noticing the A-to-G difference among cDNA products or between cDNA and genomic sequences during the course of cloning. Given the amount of inosine in mRNA isolated from various tissues, e.g., more than 5% adenosine is converted to inosine during inflammation, the possibility exists that many additional RNAs are targets for editing by these editases (25, 37) .
A family of adenosine deaminases that act on RNA (ADAR) has been identified (14, 23, 36) . Although there are three ADAR isoforms in mammalian tissues, only one Adar gene has been found in Drosophila, and this is mainly expressed in the brain (18) . Specific A-to-I RNA editing has been reported for several Drosophila ion channel genes (18, 24) . For example, we (18) and others (24) have previously reported that dADAR mutant flies that lack dADAR activity exhibit behavioral deficits including hypoxia sensitivity, temperature-sensitive paralysis, and neurodegeneration. Although some of these behavioral changes of dADAR mutant flies could be explained by the existing targets, we have found that other phenotypic manifestations could not be accounted for by the editase targets that are already known. For example, we have found that dADAR mutant flies are more resistant to oxidative stress than wild type. Therefore to better understand the full scope of dADAR function, it is crucial to identify new targets of dADAR using these dADAR mutant flies. With the combination of microarray and sequence analysis, we have systematically identified a number of new dADAR substrates.
MATERIALS AND METHODS
Fly stocks. Canton-S (C-S) flies were used as the wild type. dADAR mutant flies (ADAR Ϫ/Ϫ ) were generated via X-ray mutagenesis as described elsewhere (10) . All of these flies were raised on a standard food medium at temperatures of 23-25°C.
Preparation of antibody against inosine. All the chemicals were purchased from Sigma, St. Louis, MO, unless otherwise indicated. An inosine-specific antibody was raised in rabbits using inosine-BSA as the antigen and purified using inosine-(CH 2)6-Sepharose. Antibody against inosine was eluted with glycine (100 mM, pH 2.5) and tetraethylamide (100 mM, pH 11.5), precipitated individually with 45% saturated (NH 4)2SO4, and dialyzed twice against 10ϫ volume of PBS. Protein concentration was determined using Bio-Rad protein assay (Bio-Rad, Hercules, CA). Inosine-BSA was made as follows: inosine (0.2 g) was oxidized in 10 ml of 0.1 M NaIO 4 for 40 min and followed by adding 0.2 ml of ethylene glycol (16 M) for 5 min. BSA (0.5 g) was dissolved in 10 ml of 100 mM NaHCO 3 (pH 8.5) and mixed with oxidized inosine. After shaking overnight, inosine-BSA was dialyzed against running water for 8 h and 10 vol of PBS overnight. Inosine-(CH 2)6-Sepharose was made as follows: Sepharose 4B CNBr (3.3 g) (Pharmacia, Piscataway, NJ) was placed in 600 ml of water (adjusted to pH 2.5 with HCl) for 20 min. After removal of the water by filtering, 50 ml of 0.1 M of hexamethylenediamine in 0.1 M of NaHCO 3 (adjust pH to 8.3 with HCl) was added, followed by shaking for 2 h, and then filtered to remove the buffer. Meanwhile, 1 g of inosine was oxidized as described above and mixed with Sepharose intermediate and shaken for 2 h. The resin was filtered, and 50 ml of 1.5% NaBH 4 was added with shaking overnight. The resin was then washed with large volume of 10 mM of NaHCO3.
Detection of inosine with inosine antibody. Different amounts of poly(ACU), poly(AGU), poly(G), and poly(I) or a series dilution of mRNA sample were spotted on a nitrocellulose membrane. The membrane was baked at 80°C for 2 h, and then blocked with 5% nonfat dry milk in PBS plus 5 mM EDTA for 1 h. The following steps were the same as in Western blots, except that 5 mM EDTA was included in all procedures. In brief, the membrane was blocked in 5% nonfat dry milk (Carnation, Nestle Food, Glendale, CA) in PBS plus 5 mM EDTA for 1 h. The membranes were then incubated overnight at 4°C in 5% nonfat dry milk/PBS containing the anti-inosine antibody. Membranes were subsequently rinsed five times for 3, 3, 15, 5, and 5 min in 5% nonfat dry milk/PBS/EDTA, and then incubated for 1 h at room temperature in 5% nonfat dry milk/PBS/EDTA containing a secondary antibody conjugated with horseradish peroxidase at a dilution of 1:2,000 (Zymed, San Francisco, CA). Membranes were again rinsed, utilizing the same protocol as above, and signal detection was achieved with the ECL chemiluminescence system (Amersham, Little Chalfont, UK). The density of each dot was quantified with densitometry, as shown in Figs. 1 and 3 .
Separation of the edited Q/R site GluR-B pre-mRNA by affinity chromatography. Ten milligrams of inosine-specific antibody purified by inosine-(CH 2)6-Sepharose was immobilized and cross-linked with 2 ml of protein A Sepharose Fast Flow (Pharmacia) by incubation at room temperature for 1 h. The beads were then washed with 10 ml of 0.2 M sodium borate (pH 9.0) twice followed by incubation with 20 mM dimethylpimelimidate for 30 min. The beads were further incubated with 0.2 M ethanolamine (pH 8.0) for additional 2 h and resuspended in PBS. All the above procedures were performed at room temperature. One milliliter of the resin was packed in an empty column (Bio-Rad), equilibrated with the wash buffer (1 mM ATP, 1 mM UTP, 1 mM CTP, and 0.02 mM GTP, 5 mM EDTA in PBS). The Q/R site of GluR-B RNA was transcribed and the editing site was labeled in vitro as described (35) . Adenosines at the editing sites of GluR-B RNA were converted into inosine by incubation with baculovirus-expressed ADAR2 protein as described elsewhere (36) . The ratio of edited and unedited GluR-B RNA was adjusted to ϳ30%, determined by RNase P1 digestion and thin-layer chromatography (TLC) assay (35) . Approximately 0.1 g of the mixed GluR-B RNA was loaded on the column and washed with 8 ml of the wash buffer, and flow-through fractions were collected at 0.4 ml/tube. The bound RNA was eluted with the wash buffer plus 1 mM of GTP and collected at 0.4 ml/tube. The flow-through fractions and the eluted RNAs were precipitated with 1ϫ vol of isopropanol by addition of 0.5 g of unlabeled carrier tRNA in each tube. The pellets were resuspended in 50 l of RNase P1 solution (0.05 U/l in water), and digested for 1 h at 37°C. The digestion (3.5 l) was spotted on 10-cm wide cellulose-polyethyleneimine TLC plate and developed in saturated ammonia sulfate, 20 mM sodium acetate, and 2% isopropanol. The labeled adenosine-or inosine-5Ј-monophosphate was visualized by exposure of X-ray film, as shown in Fig. 2 .
Messenger RNA isolation. mRNA was isolated from fly heads using FastTrack mRNA isolation kit (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Briefly, fly heads were homogenized in lysis buffer with RNase degrader. Messenger RNA was bound to oligo-dT cellulose and eluted with elution buffer. The quality of mRNA was checked in formaldehyde RNA gel, and the amount of mRNA was measured with a spectrophotometer (GeneQuant, Pharmacia) at 260 nm absorbance.
Isolation of inosine-containing mRNA. Inosine-containing mRNA was isolated with the anti-inosine affinity column. For immunoaffinity separation, 100 g mRNA from wild-type or dADAR mutant flies was heated to 70°C for 3 min, quickly put on ice for 5 min, then loaded onto a 1-ml anti-inosine protein A-Sepharose column. The mRNA was allowed to pass the column three times by gravity force. The column was then washed with 20 ml binding buffer (PBS plus 1 mM ATP, 0.1 mM GTP, 1 mM CTP, 1 mM UTP, 5 mM EDTA). The bound mRNA was eluted with 2 ml binding buffer containing 1 mM ITP. The eluted fraction (2 ml) was collected. RNA was recovered by precipitating with 0.5 g carrier tRNA and 1ϫ vol isopropanol at Ϫ70°C for at least 2 h and centrifuged at 16,000 g for 15 min. The pellet RNA was air dried and reconstituted in DEPC water in a proper volume.
In vitro amplification of mRNA. In vitro amplifying of mRNA was performed according to the method developed by Baugh et al. (4) . The first-strand cDNA was synthesized in 10 l reverse transcription (RT) reaction containing: 100 U SuperScript II (Invitrogen), 100 ng (dT)-T7 primer [5Ј-GGCCAGTGAATTGTAATACGACTCAC-TATAGGGAGGCGG(T)24], 4 g T4pg32 (USB), and dNTP (0.5 mM) in 1ϫ first-strand buffer (Invitrogen). The second-strand cDNA was carried out in 75-l reaction containing 20 U DNA polymerase I, 1 U Escherichia coli RNase H, and 5 U E. coli DNA ligase in 1ϫ second-strand buffer (Invitrogen) and incubating at 15°C for 2 h. The double-stranded cDNA was polished by adding 20 U T4 DNA polymerase and incubating for 15 min at 15°C. The reaction was extracted with 1ϫ vol phenol:chloroform (1:1) and Phase Lock Gel (Eppendorf, Westbury, NY). The cDNA was further purified with BioGel P-6 MicroSpin column (Bio-Rad) per the manufacturer's instructions. The resulting cDNA was precipitated with 5 g linear polyacrylamide (GenElute-LPA from Sigma), 1/25th vol of 5 M NaCl, and 2.5 vol of 95% ethanol at Ϫ20°C for at least 2 h. The in Fig. 1 . Immunoaffinity purification of inosine-containing mRNA. An antiinosine antibody eluted with glycine (pH 2.5) and TEA (pH 11.5) was used to detect poly(ACU), poly(AGU), poly(G), and poly(I) on nitrocellulose membrane at 1.5 ϫ 10 Ϫ3 , 9 ϫ 10 Ϫ3 , 0.056, 0.33, and 2 mg (lanes 1, 2, 3, 4, and 5, respectively). The membrane was blocked with nonfat milk in PBS as for Western blots, except for 5 mM of EDTA, which was included in all procedures. The specificity of the antibody for inosine over guanosine is ϳ5.0 Ϯ 1 ϫ 10 3 based on the pH 2.5 results and slightly greater than 1.0 Ϯ 0.2 ϫ 10 3 based on the pH 11.5 data.
vitro transcription was performed in 40 l reaction with 160 U T7 RNA polymerase (Promega, San Luis Obispo, CA), 7.5 mM each NTP, and 1ϫ AmpliScribe buffer (Epicentre, Madison, WI). The reaction was carried out at 37°C for 9 h. At the end, amplified mRNA was quantified by absorbance at 260 nm.
Labeling of mRNA and hybridization with Drosophila cDNA array. RNA was labeled with Cy3 (C-S) or Cy5 (ADAR Ϫ/Ϫ ) according to the protocol described elsewhere (4). In brief, amplified mRNA (3.5 g) was used as template to synthesize first-strand cDNA with 400 U SuperScript II, 0.1 mM Cy3-dUTP or Cy5-dUTP (Amersham), and 2.5 mM dATP, dCTP, and dGTP, and 1.0 mM dTTP. The reaction was carried out at 42°C for 2 h and terminated with 0.1 M NaOH, 2 mM EDTA. The labeled cDNA was cleaned up with Qiagen (Valencia, CA) PCR purification kit per manufacturer's instructions. The final hybridization reaction (33 in total) contains: 24.9 l sample, 4.95 l of 20ϫ SSC, 2 l of 10 mg/ml poly-A, and 1.21 l of 5% SDS. The mixture was boiled at 100°C for 2 min, followed by spinning at 14,000 rpm for 10 min to bring down condensation before applying to an array. The array was covered by a coverslip and put in GeneMachines (San Carlos, CA) Hyb chamber. The chamber was placed at 42°C for 30 min, then incubated at 64°C for 16-18 h. The next day, the slide was washed in a series of SDS/SSC before scanning. The data collected from the scanning were analyzed using GenePix Pro 3.0 (Axon Instruments, Union City, CA). Data were submitted to GEO with the submission numbers GPL358, GSM7798-GSM7799, and GSE529.
Reverse transcriptase PCR (RT-PCR) and DNA sequencing. Poly(A)
ϩ -RNA purified from C-S or ADAR Ϫ/Ϫ was first digested with RNase-free DNase (Invitrogen) before performing reverse transcription. First-strand cDNA was synthesized using SuperScript II as described above. An aliquot of cDNA was used as template for PCR. Gene-specific primer pair was used to amplify cDNA fragment of chosen gene. The PCR products amplified from C-S or ADAR Ϫ/Ϫ cDNA were cloned into TOPO TA cloning vector (Invitrogen). For comparison, at least five clones generated from two sets of PCR reactions were sequenced (Keck Technology, Yale School of medicine, New Haven, CT) and analyzed using the GCG program.
Sequence analysis. Genomic and cDNA sequence of Drosophila were downloaded from Berkeley Drosophila Genomic Database (BDGP; Release 2). Comparisons between genomic sequences and the cDNA sequences of specific genes were done by BLASTn.
RESULTS

Specificity of anti-inosine antibody.
The antibody raised against inosine was developed to enrich inosine-containing mRNA from total mRNA. The specificity of the antibody against inosine was tested by polynucleotides immobilized on nitrocellulose membrane. As shown in Fig. 1 , antibodies eluted with glycine and tetraethylamide could detect inosine polynucleotides, but not polyguanosine or mixed polynucleotides, poly(AGU) and poly(ACU). The specificity for polyinosine over polyguanosine was estimated to be 1.0 Ϯ 0.2 ϫ 10 3 at pH 11.5 and greater than 5.0 Ϯ 1 ϫ 10 3 based at pH 2.5 results. Immunoaffinity purification of inosine-containing mRNA. The specificity of the antibody against inosine-containing mRNA over other mRNAs was evaluated using a fragment of GluR-B pre-mRNA, in which adenosine at the editing site (Q/R site) was specifically labeled with 32 P. The adenosine at the Q/R site was partially converted into inosine by recombinant editing enzyme ADAR2, so that the ratio of inosinecontaining mRNA over mRNA reached ϳ30:70 (34, 35) . This mixture of RNA was loaded onto a protein-A Sepharose column with immobilized anti-inosine antibody. The bound RNA could be efficiently eluted with 0.05 mM inosine monophosphate. We found that it could also be efficiently eluted with 1 mM of GTP. In the latter case, the affinity column can be reused without loss of the binding capacity to inosinecontaining mRNA. This may be explained by weak reversible interaction between guanosine and anti-inosine antibody. We therefore included 1 mM of ATP, CTP, and UTP, and 5 M of GTP in binding or washing buffer to reduce nonspecific interactions. Under typical conditions, ϳ20% of the input GluR-B RNA was bound to the immobilized antibody.
The ratio between adenosine and inosine in the flow-through and bound RNA was analyzed by TLC after digestion with RNase P1. It is important to highlight that I/A in each fraction directly reflected the ratio between inosine-containing mRNA and mRNA or between edited and unedited GluR-B premRNA. As shown in Fig. 2A , a significant increase of inosine Fig. 2 . A: first immunoaffinity purification of inosine-containing GluR-B pre-mRNA. GluR-B RNA labeled at the editing site with 32 P-labeled was loaded on anti-inosine column. Inosine or adenosine in the editing site of bound and unbound GluR-B RNA was analyzed by thin-layer chromatography (TLC) assay after digestion with RNase P1. Bound RNA was eluted with PBS plus 1 mM of GTP. B: second immunoaffinity purification. Bound GluR-B RNA was again loaded on the same column. Inosine-containing GluR-B RNA was analyzed on TLC as described above. pA and pI: adenosine-and inosine-5Ј-monophosphate, respectively. in the bound mRNA was obtained. Efficient separation of inosine-containing mRNA and mRNA was observed in the early fractions, in which no inosine could be detected. In the later flow-through fractions, increasing amount of inosinecontaining mRNA could be seen, suggesting that their binding affinity was low and reversible. In contrast, inosine-containing mRNA with high affinity was bound to the column and was eluted with GTP. The ratio of inosine-containing mRNA to mRNA in the elution was greater than 95%. Some inosinecontaining mRNAs have low binding affinity, possibly because of a secondary structure that prevents inosine from interacting with the antibody. This is supported by the fact that part of the unbound inosine-containing mRNA could bind again after heat denaturation. In addition, inosine-containing mRNA with high affinity efficiently binds to the column again, and the purity of inosine-containing mRNA increases to up to 98% (Fig. 2B) . Thus, although the binding affinity of inosine-containing mRNA to anti-inosine antibody can be affected by secondary structures, it can be improved at least partially by heat denaturation and slowing down of the annealing process.
Isolation of inosine-containing mRNA in Drosophila. We have applied this immunoaffinity approach to isolate inosinecontaining mRNAs from the wild-type (C-S) and the mutant (ADAR Ϫ/Ϫ ) flies. To do this, poly(A) ϩ RNA was isolated from brains of the wild-type or the mutant flies. On two identical columns, equal amounts of the C-S and ADAR Ϫ/Ϫ poly(A) ϩ RNAs (100 g) were loaded in parallel and washed with the same volume of buffer and eluted with the same volume of buffer containing 1 mM ITP. The eluted inosine-containing mRNA from the C-S or ADAR Ϫ/Ϫ flies was precipitated. A series of dilutions were spotted on nitrocellulose membrane and detected with anti-inosine antibody and quantified with densitometry (Fig. 3, A and B) . Inosine content in the dADAR mutant decreased by about threefold compared with the C-S flies, indicating that inosine-containing mRNAs were enriched in C-S flies. Since our dADAR mutant flies are null-mutant, these data suggest that the excess inosine-containing mRNAs in C-S flies are products of dADAR editing enzyme (24) .
Identification of dADAR-related inosine-containing mRNA in wild-type flies. To identify potential mRNA targets of dADAR, inosine-containing mRNAs from C-S and ADAR Ϫ/Ϫ flies were directly compared by hybridization with fly cDNA microarray. mRNA from C-S and ADAR Ϫ/Ϫ was exposed to an affinity column, and inosine-containing mRNA was eluted. The eluted mRNA portion was amplified by T7 polymerase system (4) and labeled with different fluorescent dyes. We have labeled eluted mRNA from C-S with Cy5 and that from ADAR Ϫ/Ϫ with Cy3. The labeled probes from C-S and ADAR Ϫ/Ϫ were then combined and subjected to hybridization with Drosophila cDNA arrays that have over 13,000 genes. The experiments were repeated three times independently. In one experiment, the same amount of probes was hybridized with two different cDNA microarrays to eliminate experimental errors. The correlation coefficient of the hybridization between each microarray was around 0.7. The average of ratio change was obtained and analyzed. More than one-third of the genes (4,000) had fluorescent intensities above background signals. Half of them (Ͼ2,000) had a ratio of F535/F635 (ADAR Ϫ/Ϫ /C-S) between 0.8 and 1.2, indicating that these genes are not differentially expressed. Around 1,000 genes had a ratio of less than 0.75, which corresponds to a false discovery rate of 20 after the significance analysis of microarrays (SAM; Ref. 33) . Those genes are present in a higher amount in the C-S eluted mRNA portion than in mutant. Therefore, those genes were considered as potential dADAR targets. With this biochemical approach, a list of about 500 genes were consistently identified as potential dADAR targets (Supplemental Table S1 , a list of the top 30, is available at the Physiological Genomics web site). 1 Interestingly, a small number of genes were present in a higher amount in the mutant eluted mRNA portion than that in C-S. Since there is only one known adenosine deaminase in flies, we believe that this could be caused by either undefined cotranscriptional events and/or uneven amplification during in vitro transcription or still possibly nonspecificity of the affinity column.
A-to-G changes in Drosophila cDNA. In the targets of dADAR, A-to-G conversions should also be detectable by comparing the genomic sequence with the cDNAs (32) . The integration of microarrays and sequence comparisons could provide more information about dADAR targets. Taking advantage of the Drosophila genome sequence (BDGP Release 2), we compared them with about 7,000 predicted Drosophila cDNAs (BDGP Release 2). With this approach, we could identify the genes that have A-to-G changes in their cDNA sequences. The position of A-to-G changes in each gene was identified by using the following criteria. First, each position must have an A in the genomic sequence but must have a G in the corresponding position of the cDNA sequence. Second, A-to-G changes would not be considered if they are in the 3Ј-terminal region of cDNA fragment. Third, to avoid random sequence errors, all types of nucleic acid changes in the cDNA Fig. 3 . Inosine-rich mRNA in Drosophila. A: far-Western using polyclonal anti-inosine antibody to detect the inosine-rich mRNA in the elutes from the affinity column. About 100 g of mRNA from wild-type flies (C-S) or dADAR mutant flies (ADAR Ϫ/Ϫ ) were subjected to affinity column with anti-inosine antibody and then eluted by inosine 5Ј-monophosphate. The elutes were diluted and dotted on nitrocellulose membrane and detected with anti-inosine antibody. B: the density of the dots from C-S was about threefold that of from ADAR Ϫ/Ϫ under the same dilution, indicating that there was more inosine-rich mRNA in the elutes from the affinity column in C-S than in ADAR Ϫ/Ϫ . sequences were calculated. The cDNA sequences that have nearly equal levels of other nucleotide changes are likely due to sequencing error. Thus we calculated the relative change rate of A-to-G vs. other changes as background and chose the genes with the highest rates as potential dADAR targets. Supplemental Table S2 shows the list of these genes (top 30) sorted by the number of A-to-G changes. About 1,000 genes have been selected as the ratio of A-to-G changes over other changes is less than 1/12. Among them, 800 genes have A-to-G change in their coding region. Sequencing analysis of the editing sites in identified inosinecontaining mRNA. To overcome the limitation of each method and improve the overall accuracy in the prediction of new dADAR targets, we selected those genes that were both identified with microarrays and sequence alignment as potential dADAR targets for further analysis. A final list of 62 genes ( Table 1 ) was identified as potential dADAR targets with both the affinity column/microarray method and the sequence comparison between genomic sequences and cDNAs. Among the 62 genes, CG18314, which encodes an amine receptor, serves as a positive control, since it was previously identified as a potential dADAR target by sequencing comparison and genespecific RT-PCR (32) .
If the A-to-G change in the identified inosine-containing mRNAs is the consequence of dADAR action, then adenosine in that position should be present and could be confirmed in the dADAR mutant flies. Since we used anti-inosine antibody to concentrate inosine-containing mRNA in dADAR mutant flies and combined this approach with sequence analysis to get the potential targets in Table 1 , we wished to determine whether there were actually A/G differences in these two populations. We therefore directly compared RT-PCR products from wildtype and dADAR mutant flies. Primers for RT-PCR were synthesized to test a group of 12 randomly chosen genes from the 62 genes with different functions (italics in Table 1 ). Total RNA was isolated from the C-S or ADAR Ϫ/Ϫ flies, amplified by RT-PCR, and cloned into a vector. With sequencing, we found that 7 of 12 chosen genes were confirmed to have the predicted A in ADAR Ϫ/Ϫ fly and G in C-S fly cDNA (Table 2 ). To rule out the potential for background differences between lines, we thoroughly checked the BDGP single nucleotide polymorphism (SNP) database and did not find any in the editing spots of the seven genes of interest in the database. We further chose the target candidate CG18314 and performed sequence analysis of the target loci from cDNA and genomic DNA from the same fly background to confirm RNA editing. The sequences from all of dADAR mutant clones (10) were identical to the genomic one. The sequences from wild-type flies, however, contained at least two edited sites in the sequenced region. The sequence is presented here, with possible editing sites in lower cases: GCAAGCAGAGCTaTCGGGTTGGACCCAGATGACTaGAGTTAGATTTAGA. The editing rates for the 1st and 2nd site are 7/9 and 5/9, respectively.
Expression of the identified inosine-containing mRNA in the wild-type and the dADAR mutant flies. Since known substrates of dADAR such as paralytic (para) and cacophony (cac) were not in the final list of potential dADAR target candidates and in the list of immunoaffinity-purified inosine-containing mRNAs (Supplemental Table S1 ), we reasoned that the identified inosine-containing mRNA by this method included only those relatively abundant genes and that the expression level of the para and cac mRNA may be relatively low. To answer this question, we performed semiquantitative PCR and compared the expression levels of para and cac mRNA and the identified inosine-containing mRNA CG18314 known as amine receptor gene. As shown in Fig. 4 , the amine receptor cDNA, but not the para or cac cDNA, could be detected under the same conditions, indicating that in adult flies the expression of para and cac mRNAs were much less than that of the amine receptor.
DISCUSSION
Isolating inosine-containing mRNA using inosine affinity column provides a useful method to characterize the products of A-to-I RNA editing. The same approach may also be used to analyze RNAs with modified nucleotides, for instance, tRNA with rare bases and splicing intermediates with the branched RNA. Using this approach, in combination with sequence analysis of A-to-G changes in databases, inosine-containing mRNAs from the wild-type and dADAR mutant flies have been isolated and compared.
RNA editing is a novel mechanism for generating distinct protein isoforms from a single pre-mRNA (8, 19) . Adenosine (A) to inosine (I) pre-mRNA editing is a process that enzymatically modifies A-to-I at single nucleotide positions in specific messengers (1-3). The enzymes responsible for A-to-I conversion, the adenosine deaminases that act on RNA (ADARs), have been identified in mammals, Drosophila, and Caenorhabditis elegans (3). Lack of A-to-I editing in mice or flies shows severe behavioral defects, suggesting an important role of ADARs in the nervous system (11, 18, 24, 34) . However, exactly how the enzymes mediate their function, and what are the RNA targets, is unclear. Up to now, only a few transcripts have been known to be targeted by ADARs. Most of these transcripts encode ligand-or voltage-gated ion channels and G protein-coupled receptors, such as sodium channel, calcium channel, GluR-B, serotonin receptor, etc. (6, 9, 12, 15-17, 29, 31, 35) . Interestingly, the few reports of specific A-to-I pre-mRNA editing are mostly from nervous system, despite the fact that ADAR activities are detected in nonnervous tissues (25) . Moreover, the amount of inosine in mRNA isolated from various rat tissues shows that far more inosine is present than can be accounted for by the few mammalian ADAR substrates (21, 25) . Thus it is conceivable that additional RNA targets of A-to-I editing exist (25) .
The reason for pursuing Drosophila ADAR (dADAR) targets stems from the facts that 1) wild-type flies have all A-to-I editing found in transcripts encoding ion channels and neurotransmitter receptors such as sodium (para), calcium (dmca1A) and chloride (DrosGluCl-␣) channels and D␣6 (nAChR) receptor and 2) the deletion of dADAR activity resulted in extreme behavioral deficits including hypoxia sensitivity, temperature-sensitive paralysis, and neurodegeneration (18, 24) . We have previously found that dADAR mutant flies are more resistant to oxidative stress than wild type. This cannot be explained by the currently known targets, and searching for additional target genes becomes critical.
To better understand ADAR function, we wished to search for new targets of ADARs. Other groups have previously used either biochemical approaches or bioinformatic methods to discover new ADAR targets (20, 22, 32) . In our present work, we have identified several new targets of Drosophila RNA editase by taking advantage of the dADAR mutant flies and the combination of microarray and sequence analysis. We have developed a polyclonal antibody against inosine to trap the inosine-containing mRNA in wild-type flies and used the inosine-containing mRNA to hybridize the Drosophila cDNA microarray. Using this approach, we were able to identify 500 potential dADAR targets (Supplemental Table S1 ). There are two limitations for this biochemical method. First, the use of an anti-inosine antibody and affinity column to trap inosine-containing mRNA in our experiments could give nonspecific binding of mRNA. This could result from the competition between inosine and guanosine. Since there are few inosine but many guanosine in mRNA molecules, even a Sixty-two genes were identified as potential dADAR targets with both the affinity column/microarray method and the sequence comparison of genomic sequences and cDNAs. The table gives the CG number (CG), Flybase number (ID), average ratio change obtained from microarray data, number of A-to-G changes revealed by sequencing comparison, as well as the gene name and function. The 12 genes in italic font were randomly chosen for further gene-specific RT-PCR sequencing analysis. dADAR, Drosophila adenosine deaminase acting on RNA.
high-affinity anti-inosine antibody could not guarantee high specificity of binding. From our data, the specificity of the antibody to polyinosine over polyguanosine was about 5,000-fold (Fig. 1) . The overall affinity of the antibody to a particular inosine-containing RNA over regular RNA is estimated within a few-fold, which is largely dependent on the number of inosine and the length of RNA (Fig. 3) , as indicated by 20-fold excess of GTP elution. Considering that there are no other available techniques to isolate the edited RNA, what we have reported in this manuscript is the first attempt to use this affinity approach for this purpose. We believe that these data are valuable to the investigators in this field. Second, during the amplification process, the ratio of the amount of inosine-containing mRNA could be changed, and therefore the resulting ratio could be different from that of the original one. It is also possible that due to their relative low expression level, some of the known dADAR targets, such as para and cac, were not detected with this method (Fig. 4) .
To be able to detect new targets of dADAR, we also compared the genomic and cDNA sequence of a gene using BLASTn, which revealed A-to-G change in about 1,000 genes (Supplemental Table S2 ). The limitations of the BLASTn are 1) only 7,000 of over 13,000 genes have the corresponding cDNA sequences, and 2) the DNA sequence itself is also associated with sequence errors. About 1% error rate was reported for EST sequencing (26) .
With the combination of biochemical and sequence analysis, the limitation of either method can be overcome, and the integration of these two methods provided us with a way to identify new targets with more accuracy. The overlapping of target candidates from the two approaches generated a final list with 62 genes (Table 1) . Among them, CG18314, which encodes an amine receptor, was previously identified as a potential dADAR target by sequencing comparison and genespecific RT-PCR (32). The paper released by BDGP (32) revealed 10 RNA editing sites in this gene by comparison of the genomic sequence (Release 3) with two cDNAs and three ESTs (from Drosophila Gene Collection). In our case, we found five potential RNA editing sites in this gene by sequencing comparison and validated two of them by gene-specific RT-PCR. To further verify the targets candidates, we randomly chose 12 genes from the 62 genes and sequenced their RT-PCR products for wild-type and dADAR mutant flies. DNA sequencing revealed that 7 of 12 genes were proved to have A in mutant and G in wild type ( Table 2 ). The validation of our approach was confirmed by ruling out the possibility that this A-to-G change is due to SNP. We thoroughly checked the BDGP SNP database and did not find any in the editing spots of the seven genes of interest in the database. Given the facts that 1) SNP rate in Drosophila is known to be about 1 in 200-400 bases (13) , and 2) A-to-G changes contribute only 1/12 of all possible single nucleotide changes, the rate of A-to-G change due to SNP is about 1/2,000-1/4,000. Since this is far less (an order of magnitude) than the frequency of the A-to-G change in our sequencing of the 7 genes (1/300 bases), the A-to-G change in the seven genes is very likely due to editing by ADAR and not due to single nucleotide polymorphism. This was confirmed by our sequencing of the target GAT GGC TGC GTG GGA CTC ACG GAC 0/5 5/0 G 3 G We have randomly chosen 12 genes (in italic font in Table 1 ) out of the 62 final dADAR target candidates (Table1) and sequenced the RT-PCR products from C-S or ADAR Ϫ/Ϫ flies. Seven of twelve chosen genes were confirmed to have the predicted A in ADAR Ϫ/Ϫ and G in C-S RT-PCR products of flies, as listed here. The CG number of the seven genes, their function, edited sites, and the predicted editing sequence are shown. The predicted editing spots are in bold font. Five clones from C-S or ADAR Ϫ/Ϫ were sequenced, and the number of A or G in those hot spots from each population is shown. The predicted amino acid changes after editing were also indicated. Fig. 4 . Semiquantitative PCR showing the expression level of para, cac, CG18314 (encoding amine receptor). Actin was used as control. In the image, lanes 1, 5, and 9 were for actin; lanes 2, 6, and 10 were for CG18314; lanes 3, 7, and 11 were for para; and lanes 4, 8, and 12 were for cac. Lanes 1-4 were amplified for 15 cycles; lanes 5-8 were amplified for 20 cycles; and lanes 9-12 were for 25 cycles. The expression level of gene CG18314 was much higher in adult flies than that of para or cac.
candidate CG18314 loci from cDNA and genomic DNA which supported our prediction of RNA editing.
The results from our work have been encouraging. On the one hand, among the seven genes, a few of them encoded G protein-coupled receptors (CG18314) and ion channels (CG11348). On the other hand, using this approach, the accuracy of the prediction of new dADAR targets is more than 50%. This could largely facilitate the course of identifying new targets of dADAR. In summary, the use of multiple techniques and the integration of immunoaffinity enrichment of inosinecontaining mRNA, DNA microarrays, and sequence analysis provide us with a way to identify new substrates of dADAR. In addition, this allows us to better understand the role of ADAR and its targets in cell function.
